Abstract. Clinical benefits of cetuximab retreatment in patients with metastatic colorectal (mCRC) have been reported. In the present study, the effect of cetuximab retreatment on predictive markers was investigated by evaluating the clinical benefit of initial cetuximab treatment prior to cetuximab retreatment. Between November 2012 and March 2017, 14 patients with KRAS proto-oncogene GTPase exon 2 wild-type mCRC who exhibited a clinical benefit (confirmed stable disease for at least 6 months or a clinical response) to an initial cetuximab-based regimen, who received multiple lines of chemotherapy following disease progression and ultimately received a second cetuximab and irinotecan regimen, were retrospectively analyzed. For retreatment, patients received bi-weekly irinotecan (120-150 mg/m 2 ) combined with cetuximab (400 mg/m 2 as an initial dose, followed by 250 mg/m 2 , weekly). The median age of the 14 patients (11 males, 3 females) was 68 years (32-77). The median progression-free survival (PFS) following prior cetuximab-based therapy was 6.6 months (range, 4.1-18.4). Initial cetuximab treatment was administered as a first-line treatment in 11 patients, a second-line treatment in 1 patient and a third-line treatment in 2 patients. The median interval time between the last cycle of initial cetuximab-based therapy and the first cycle of cetuximab retreatment was 13.1 months (range, 6.0-37.1). The objective response rate of cetuximab retreatment was 21.4% and the median PFS was 4.4 months (95% confidence interval, 1.4-5.6). The Spearman's correlation coefficient for the PFS following retreatment and duration of initial cetuximab-based regimens demonstrated a more marked correlation compared with that between the PFS following retreatment and the interval time between the two regimens (r=0.45, P=0.11 vs. r=0.08, P=0.79). Cetuximab retreatment may provide clinical benefit to patients with mCRC who were good responders with longer periods of initial cetuximab-based therapy.
Introduction
Colorectal cancer (CRC) is the second-most commonly diagnosed cancer and the third leading cause of cancer mortality in Japan (1) . A total of 20% of patients with CRC present with metastatic disease at the time of diagnosis, and, in addition, 17% of patients who undergo curative resection will experience a relapse of CRC (2) . Standard chemotherapy for metastatic CRC (mCRC) based on cytotoxic agents (fluoropyrimidines, irinotecan, and oxaliplatin) and monoclonal antibodies, including those targeting vascular endothelial growth factor (bevacizumab) and those targeting epidermal growth factor receptor (EGFR) (cetuximab and panitumumab), has demonstrated well-established clinical activity (2) (3) (4) . Particularly, cetuximab and panitumumab as standard combination chemotherapy regimens in first-line treatment have led to a marked improvement in clinical outcomes for patients with Ras wild-type mCRC (5, 6) . Previously, trifluridine/tipiracil (TAS-102) and regorafenib monotherapies have demonstrated improvement in overall survival in patients with CRC disease progression following standard therapies, and these drugs remain additional treatment options (7, 8) . However, in addition to the improvement in survival for patients with mCRC, a number of patients who exhibited good disease control following chemotherapy also exhibited good long-term performance status and remain Cetuximab retreatment in patients with metastatic colorectal cancer who exhibited a clinical benefit in response to prior cetuximab: A retrospective study suitable for additional therapy following progression beyond third-or fourth-line treatment (9) . At present, a standard treatment for those who are resistant towards or unable to tolerate these agents does not exist.
Previously, a small number of studies have suggested the clinical benefit of a retreatment strategy with anti-EGFR-based therapy in patients with mCRC who exhibited a clinical benefit following prior administration of anti-EGFR antibodies (10) (11) (12) . In a phase II prospective study, Santini et al (11) investigated retreatment with cetuximab plus irinotecan in 39 patients with KRAS proto-oncogene GTPase (KRAS) wild-type mCRC who exhibited disease progression following an initial clinical response to first-line cetuximab-based therapy. The median time to progression with prior cetuximab treatment was 10 months; the median interval time between the last cycle of initial cetuximab-based therapy and first cycle of cetuximab retreatment was 6 months. Outcomes indicated an objective response rate (ORR) of 53.8%, with 19 partial responses (PR) (48.7%) and 2 complete responses (CR) (5.1%), and the median progression-free survival (PFS) was 6.6 months (11) .
A retrospective study by Liu et al (13) investigated the efficacy of an anti-EGFR-containing regimen in phase I/II clinical trials in patients with KRAS wild-type mCRC exhibiting disease progression following previous cetuximab or panitumumab therapy. Patients who responded to prior cetuximab or panitumumab therapy were more likely to obtain clinical benefit from retreatment compared with the non-responders. Additionally, prior responders with longer interval lengths between prior anti-EGFR therapy and anti-EGFR retreatment were more likely to respond to anti-EGFR retreatment compared with a shorter interval.
In the present retrospective study, patients with KRAS wild-type unresectable mCRC who exhibited a clinical benefit from prior cetuximab therapy were selected and received cetuximab retreatment at Okayama Rosai Hospital. The effect of cetuximab retreatment on predictive markers was investigated by evaluating the clinical benefit of initial cetuximab treatment prior to cetuximab retreatment. The results of the present study suggest that cetuximab retreatment provided clinical benefits to patients with mCRC who exhibited a positive response to longer periods of initial cetuximab-based therapy. given orally twice a day in a 28-day cycle [2-week cycle of 5 days of treatment followed by a 2-day rest period, and then a 14-day rest period]) and regorafenib (160 mg given orally once a day for weeks 1-3 of each 4-week cycle) monotherapies for the interim chemotherapies between cetuximab treatments, For the retreatment regimen, all patients received irinotecan (150 mg/m 2 bi-weekly) combined with cetuximab (400 mg/m 2 as an initial dose, followed by 250 mg/m 2 weekly) every 2 weeks. The dose of irinotecan was modified to 120-150 mg/m 2 for each patient based on hematologic or non-hematologic toxicities according to the Common Terminology Criteria for Adverse Events (CTCAE) version 4.0 (14) . This treatment was administered until disease progression, unacceptable toxicity, or the physician's decision to terminate treatment. Radiological assessments of tumors were performed by investigators approximately every 8 weeks, and the Response Evaluation Criteria in Solid Tumors (RECIST), version 1.1, was used to assess tumor responses (15) . The ORR and the disease control rate (DCR) were defined as the percentage of patients with CR and PR/CR, PR and SD respectively. Various toxicities such as rash and hepatological toxities were evaluated every week the patients visited the hospital and were graded according to the CTCAE version 4.0 (14) . The Institutional Review Board of Okayama Rosai Hospital approved the present study. Written informed consent was obtained from all patients who participated.
Patients and methods

Patient
Statistical analysis. One of the objectives of the present study was to assess the correlation between prior cetuximab-based therapy and the effectiveness of retreatment with cetuximab. Spearman's correlation coefficient was utilized for this evaluation. PFS was calculated using the Kaplan-Meier method. All statistical analyses were performed with EZR (Saitama Medical Centre, Jichi Medical University, Saitama, Japan), which is a graphical user interface for R (The R Foundation for Statistical Computing, version 3.2.2; http://www.jichi. ac.jp/saitama-sct/SaitamaHP.files/download.html) (16) .
Results
Patient characteristics.
A total of 14 patients with KRAS exon 2 wild-type mCRC who were retreated with cetuximab plus irinotecan at Okayama Rosai Hospital between November 2012 and March 2017 were analyzed. The median age of the patients was 68 years (range, 32-77). A total of 12 patients exhibited an Eastern Cooperative Oncology Group Performance Status (ECOG-PS) score of 0 to 1, while the remaining patients exhibited a ECOG-PS score of 2 to 3. Among the 14 patients with KRAS exon 2 (codon 12/13), 12 patients exhibited all-Ras wild-type (KRAS and NRAS proto-oncogene, GTPase). Table I indicates the characteristics of all analyzed patients. The initial chemotherapy cycles were as follows: Cetuximab combined with FOLFIRI (n=2); oxaliplatin-based therapy (FOLFOX or SOX) (n=10); and irinotecan monotherapy (n=2). All patients received cetuximab. Initial cetuximab treatment was administered as a first-line treatment in 11 patients, a second-line treatment in 1 patient (who received FOLFIRI+bevacizumab as first-line therapy) and a third-line treatment in 2 patients (who received FOLFOX+bevacizumab as first-line and FOLFIRI+bevacizumab as second-line therapy). The responses following initial cetuximab-based therapy were 12 cases of PR and 2 cases of SD lasting at least 6 months. All patients exhibited disease progression following a preliminary clinical benefit from initial cetuximab treatment, and no patient defaulted prior treatment due to adverse effects. The median duration of initial cetuximab treatment was 6.6 months (range, 4.1-18.4; Table II) .
Outcomes of retreatment. The outcomes of cetuximab retreatment are summarized in Table III . The median interval time between the last cycle of initial cetuximab-based therapy and the first cycle of cetuximab retreatment was 12.6 months (range, 6.6-37.1). The therapeutic lines of cetuximab retreatment, including the initial cetuximab-containing regimens, were as follows: Third-line treatment in 6 patients; fourth-line treatment in 1 patient; fifth-line treatment in 2 patients; and sixth-line treatment in 5 patients. The interim chemotherapies between cetuximab treatments were as follows. Bevacizumab-contained regimens were received in 13 patients, TAS-102 in 7 patients and regorafenib in 6 patients. A total of 7 patients who were retreated with fifth-and sixth-line therapies received TAS-102 (35 mg/m² given orally twice a day in a 28-day cycle [2-week cycle of 5 days of treatment followed by a 2-day rest period, and then a 14-day rest period]) and regorafenib (160 mg given orally once a day for weeks 1-3 of each 4-week cycle) between the initial and second cetuximab-based therapies. Three patients received FOLFIRI immediately prior to the retreatment. Tumor responses are summarized in Table III . The ORR was 21.4% (3/14), with CR in 0 patients and PR in 3 patients; the DCR was 71% (10/14), with CR in 0 patients, PR in 3 patients, and SD in 7 patients. The median PFS was 4.4 months (95% confidence interval, 1.4-5.6; Fig. 1 ). A total of 3 patients who exhibited PR during retreatment were all-Ras wild-type, with a PS of 0 and had only 1 metastasis site (liver in 2 patients and lymph nodes in 1 patient). The Spearman's correlation coefficient analysis for the PFS of cetuximab retreatment and duration of initial cetuximab treatment (r=0.45, P=0.11) demonstrated a more marked correlation compared with that between the PFS of cetuximab retreatment and interval time between initial therapy and retreatment (r=0.08, P=0.79; Fig. 2) .
Toxicity of retreatment. Safety assessments were completed based upon all the patients included in the present study. Adverse events of cetuximab retreatment are summarized in Table IV . The most common adverse event was rash (100%), followed by stomatitis (50%). Grade 3 or 4 toxicities included rash (7%, n=1) and diarrhea (7%, n=1). The majority of adverse events were of grade 1 or 2 toxicity and were manageable. No patients experienced adverse events leading to discontinuation of treatment and there was no infusion reaction with cetuximab.
Case presentation of a patient with a positive response.
In this section, we describe a patient who has a PR with cetuximab retreatment. This patient was selected for this case presentation as their liver metastatic tumors exhibited the most pronounced reduction in size. A 64-year-old man, who was one of the 14 patients of the study cohort, was diagnosed with Ras wild-type rectal cancer with multiple liver and right pleural metastases. He first underwent resection of the primary lesion and received 10 courses of FOLFOX as a first-line therapy, and 24 courses of FOLFIRI and bevacizumab as a second-line therapy. Following disease progression subsequent to these two chemotherapies, the patient was treated with cetuximab and irinotecan as a third-line therapy. The metastatic tumors responded to this first cetuximab-based therapy and reduced by 60% in size (Fig. 3) . Following 10 months of cetuximab-based therapy, contrast-enhanced computed tomography (CE-CT) revealed that the liver metastasis had enlarged. Then, the patient consecutively received regorafenib as a fourth-line therapy for 8 months and TAS102 as a fifth-line therapy for 4 months, and the tumor gradually progressed during the treatments. Considering the tumor progression, cetuximab and irinotecan was used as a sixth-line therapy. A total of 2 months later, CE-CT revealed that the liver metastasis had reduced by 60% in size again (Fig. 3) . 
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Discussion
In the present study, it was identified that cetuximab retreatment was as effective and tolerable therapy in patients with mCRC who had previously exhibited disease progression following an initial clinical benefit to first-line cetuximab-based therapy. A small number of previous reports have demonstrated the clinical benefit of anti-EGFR retreatment in patients with mCRC (9-11). Table V summarizes the results of 3 previous phase II studies of cetuximab retreatment in patients with mCRC. Patients with mCRC who received initial first-line cetuximab-based therapy and exhibited stable disease for at least 6 months or clinical response were included in the 3 studies (UMIN000010638 and NCT02296203) (10) (11) (12) . In these studies, cetuximab retreatments involved combinations with irinotecan monotherapy or FOLFIRI. In the present study, irinotecan was administered with weekly cetuximab retreatment to all patients, and 3 of the patients received an irinotecan-based regimen immediately prior to the retreatment. The effectiveness of the combination of cetuximab and irinotecan in patients with mCRC with tumors refractory to irinotecan was indicated in a previous randomized trial that suggested that cetuximab may circumvent irinotecan resistance (17) . Previous retreatment studies revealed an ORR of 3-54%, DCR of 54-90% and median PFS of 2.4-6.6 months (10-12). The efficacy in the present study was equivalent to that in these previous studies, with an ORR of 21%, DCR of 71% and median PFS of 4.4 months, even though the present study included 2 patients who received prior cetuximab as third-line therapy. Practically, the previous studies have demonstrated the efficacy of retreatment with anti-EGFR antibodies in the salvage-line treatment of mCRC; however, there is no defined rationale that re-challenge therapy affects tumors that have already been demonstrated as resistant to the same therapy.
Previously, mutations in the KRAS gene have been detected in circulating tumor DNA in patients with KRAS wild-type mCRC who exhibited disease progression during anti-EGFR therapy (18) . Mathematical modeling indicated that the mutations were present in expanded subclones prior to the initiation of anti-EGFR therapy (18) . These data support the theory that the mechanism of resistance to anti-EGFR therapy may arise from heterogeneity among CRC tumors. On the basis of this hypothesis, administering a different treatment that is not affected by KRAS status subsequent to the development of acquired anti-EGFR resistance may allow the dominant KRAS wild-type clone to repopulate and regain sensitivity to anti-EGFR therapy.
A retrospective study by Liu et al (13) investigated the efficacy of an anti-EGFR-containing regimen in phase I/II clinical trials in patients with KRAS wild-type mCRC exhibiting disease progression following initial cetuximab or panitumumab treatment (12) . Patients who responded to prior cetuximab or panitumumab regimens were more likely to exhibit a clinical benefit to the retreatment compared with the non-responders. Additionally, prior responders with longer interval lengths between initial anti-EGFR therapy and anti-EGFR retreatment were (19, 20) . However, these studies did not provide a clear answer regarding the effect of the variation in interim treatments between initial anti-EGFR therapy and anti-EGFR retreatment. Unfortunately the sample size of the present study was too small to investigate this point further.
Conversely, Wadlow et al (21) prospectively treated 20 patients with KRAS wild-type mCRC by administering panitumumab followed by cetuximab subsequent to disease progression, and demonstrated that no patients responded and 45% exhibited the best response of SD (21) . The present study did not demonstrate any benefit of administering panitumumab following disease progression subsequent to initial cetuximab treatment, and there was no interval therapy between cetuximab and panitumumab treatment. In the present study, the median interval time between the last cycle of initial cetuximab-based therapy and the first cycle of cetuximab retreatment was 12.6 months. Therefore, the fact that the ORR was 21.4% and the PFS was 4.4 months without any severe adverse events may be considered a sufficient response. It was also demonstrated that there was a more marked correlation between the duration of the initial cetuximab therapy and the efficacy of retreatment compared with the interval length between initial therapy and retreatment (r=0.45 vs. 0.11).
The data of the present study suggests that, to obtain any clinical benefit from anti-EGFR retreatment in patients with mCRC who exhibited disease progression following initial anti-EGFR-based therapy, it is important to select patients who demonstrate a good response to initial anti-EGFR-based therapy and/or those who have longer interval lengths between initial therapy and retreatment. To evaluate additional predictive factors of the response to anti-EGFR retreatment, additional clinical trials are required to examine the changes in biomarker expression of RAS mutations following initial anti-EGFR therapy using liquid biopsy, and to analyze its effect on the refractory tumor.
To conclude, cetuximab retreatment in patients with KRAS wild-type mCRC who exhibited disease progression following initial cetuximab-based therapy may provide greater clinical benefit to patients who were good responders with longer treatment durations in initial cetuximab-based therapy.
